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INTRODUCTION 


The  increased  use  of  fiber-reinforced  composites  to  replace  conventional 
materials  has  been  motivated  primarily  by  weight  savings.  While  epoxy  with  car¬ 
bon  or  glass  fiber  systems  are  the  most  extensively  used  and  studied,  alter¬ 
natives  can  be  found  with  lightweight,  high  strength  and  stiffness  organic 
fibers  and  engineering  thermoplastic  matrices.  Kevlar  aramid  fibers,  for 
instance,  have  higher  specific  tensile  strength  than  glass  or  carbon  fibers,  and 
possess  comparable  elongation  and  modulus.  These  aramid  fibers  owe  their  ani¬ 
sotropic  properties  to  highly  oriented,  rigid  molecular  chains  that  are  hydrogen 
bonded  in  the  lateral  direction. 

The  ease  of  processing  thermoplastics  makes  them  an  attractive  substitute 
for  conventional  thermosetting  matrices,  without  sacrificing  the  tensile  and 
shear  properties  required  to  make  good  composites.  Furthermore,  the  linear 
chains  of  thermoforming  materials  allows  unique  opportunities  to  modify  the 
nature  of  the  composite  interphase  regions.  Thus  the  combination  of  aramid 
fiber  reinforcing  aliphatic  polyamides  has  the  potential  for  an  interfacial  bond 
involving  matrix  crystallization  and  hydrogen  bonding. 

It  has  been  shown  both  in  theory  and  practice  that  the  bulk  properties  of 
composites  rely  heavily  on  the  strength  of  the  interfacial  bond  and  the  transfer 
of  load  from  matrix  to  fiber  via  this  bond.  Compared  to  the  amount  of  work 
devoted  to  the  study  of  interfaces  in  carbon  and  glass  systems,  there  is  little 
reported  on  thermoplastic  interface  properties  with  Kevlar.  One  possible  ex¬ 
planation  for  this  lack  of  Information  is  the  complicated  fracture  mechanisms 
involved  in  the  failure  of  this  highly  anisotropic  fiber.  Thus,  standard  short- 
beam  shear  tests  can  give  erroneous  results  for  interfacial  strength  as  a  result 
of  fiber  splitting  and  poor  compressive  properties. 
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A  single-filament  pull-out  test  has  been  previously  used  to  study  the 
interfacial  properties  of  Kevlar-49  in  a  variety  of  thermoplastics*.  Although 
values  for  interfacial  strengths  were  obtained,  this  measurement  contains 
inherent  errors  due  to  the  small  fiber  diameter,  the  radial  forces  surrounding 
the  fiber  (partly  the  result  of  differences  in  thermal  expansion  coefficients), 
and  the  low  yield  strengths  of  the  matrices.  However,  single-filament  tech¬ 
niques  have  the  advantage  of  offering  a  less  complicated  view  of  the  fiber- 
matrix  interaction.  Therefore  it  was  decided  to  investigate  the  interfacial 
properties  of  Kevlar-al iphatic  polyamide  composites  with  measurements  of  fiber 
critical  length. 

CRITICAL  LENGTH  MEASUREMENTS:  Theories  and  experiments  involving  short  fiber- 
matrix  interactions  have  been  investigated  by  a  number  of  workers2'4.  The 
results  show  that  a  fiber,  completely  embedded  in  a  matrix  and  loaded  in 
uniaxial  tension,  experiences  a  tensile  stress  due  to  a  load-transfer  through 
the  fiber-matrix  interface.  The  load  is  transferred  by  shearing  stresses  at  the 
interface,  which  reach  maximum  values  near  the  ends  of  the  discontinuous  fiber. 
As  the  tensile  stress  in  the  fiber  builds  up  to  the  ultimate  fiber  strength,  it 
fractures  and  continues  to  fail  with  increased  loading  of  the  matrix  until  there 
is  insufficient  transfer  of  load  at  the  interface.  At  this  point  there  are 
three  possible  mechanisms  for  failure:  (1)  the  interfacial  bond  is  broken  and 
the  fiber  becomes  uncoupled  from  the  matrix,  (2)  the  yield  shear  strength  of  the 
matrix  is  exceeded,  and/or  (3)  the  fiber  itself  undergoes  a  shear  failure. 

Which  mode  of  failure  occurs  depends  on  which  of  the  three  ultimate  shear 
strengths;  bond,  matrix,  or  fiber,  is  exceeded  first.  With  failure  mechanisms 
(1)  and  (2),  no  further  fiber  tensile  fracture  occurs  and  a  critical  length  is 
obtained.  The  shear  strength  calculated  using  this  critical  length 
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is  for  the  interfacial  bond  or  the  matrix  interfacial  yield  strength  re¬ 
spectively.  Measurements  of  critical  lengths  have  been  made  with  some  success 
to  study  surface  treatments  of  carbon  fibers  in  epoxy  resins5,6  and  the  effect 
of  temperature  on  the  bonding  between  glass  fibers  and  thermosetting  matrices?. 

If  the  third  mode  of  failure  predominates,  the  fiber  will  continue  to  frac¬ 
ture  under  shear  with  increased  applied  tensile  loading,  resulting  in  only 
damaged  fiber.  This  type  of  failure  has  not  been  observed  for  glass  and  carbon 
fibers,  but  is  more  likely  to  occur  with  an  anisotropic  fiber  due  to  a  presum¬ 
ably  much  lower  shear  strength. 

Theoretically,  all  lengths  of  fiber  fraqment  lengths  (n)  formed  in  a  criti¬ 
cal  length  experiment  should  fall  within  the  range;  tc/2  _<  i  <  nc,  where  2C  is 
the  critical  length.  Assuming  an  even  distribution  of  fragment  lengths,  the 
critical  length  can  be  calculated  from 7 


tc  =-  *  (!) 

3 

where  T  is  the  average  fragment  length.  According  to  Kelly  and  Tyson*^^  with 
an  elastic  fiber  in  a  plastic  matrix,  the  apparent  shear  strength,  t,  can  be 
obtained  from 


(2) 


i 


i 


I 


where  d  is  the  fiber  diameter  and  of  is  the  ultimate  fiber  strength.  In  this 
paper,  samples  of  single  filaments  of  Kevlar-49  fiber  embedded  in  a  nylon-6  film 
were  prepared  for  investigations  of  critical  lengths,  fiber  fracture  modes,  and 
matrix  stress  distributions.  During  sample  preparation,  shrinkage  of  the  nylon 

film  due  to  solvent  evaporation  placed  the  Kevlar  filament  under  compression. 

The  effect  of  this  compression  on  fiber  properties  was  also  studied. 
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EXPER IMENTAL 


Single  filament  samples  were  prepared  by  solvent  casting  a  nylon-6  film 
around  Kevlar-49  filaments  held  under  slight  tension.  A  10%  (w/w)  solution  of 
nylon-6  in  95-97%  formic  acid  was  used  to  cast  all  films  on  a  glass  plate  heated 
to  ~70°C.  Short  lengths  of  Kevlar  yarn  (1.5  denier  per  filament)  were  first 
washed  in  warm  methylene  chloride  to  remove  any  traces  of  finish,  were  vacuum 
dried  in  an  oven  at  100°C.,  and  subsequently  stored  in  a  dessicator  until 
needed.  Cast  films  containing  embedded  single  fibers  were  also  dried  in  vacuo 
at  100°C.  and  allowed  to  equilibrate  at  room  temperature  and  humidity  prior  to 
testing.  The  films  were  typically  40-50  pm  thick.  Strips  cut  from  these  films 
were  approximately  5  mm  wide  with  a  40  mm  gauge  length.  The  strips,  with  cen¬ 
tered  fiber,  were  tensile  tested  in  an  Instron  at  a  crosshead  rate  of  0.05 
cm/min.  Stretched  films  were  observed  under  a  light  microscope  with  and  without 
crosspolars.  Fragment  lengths  and  morphologies  were  studied  by  a  filtration 
recovery  of  the  fragments  after  dissolving  the  matrix  with  formic  acid.  The 
effect  of  formic  acid  on  the  properties  of  Kevlar  is  realized.  However,  it  is 
not  expected  that  any  significant  changes  in  the  fiber  occurs  during  the  relati¬ 
vely  short  times  of  exposure  to  the  acid  with  casting  and  filtration.  Fragment 
lengths  were  measured  on  an  optical  microscope  equipped  with  a  calibrated 
eyepiece.  An  ETEC  scanning  electron  microscope  was  used  for  investigating  fiber 
surface  and  fracture  morphologies. 
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RESULTS 


(A)  COMPRESSION  OF  KEVLAR:  An  interesting  observation  made  in  the  fabrication 
of  samples  was  the  formation  of  45°  kinks  or  folds  on  the  fiber  surface  due  to 
the  shrinkage  of  the  nylon  during  casting.  These  kinks  were  formed  at  com¬ 
pressive  strains  of  <2%  in  a  very  regular  fashion  alonq  the  entire,  continuous 
fiber  length.  Previously,  workers  had  noted  the  formation  of  these  kinked  sur¬ 
faces  in:  bonding  tests**1,  elastica  loop  tests*!,  and  fibers  extracted  from 
uniaxially  compressed  epoxy  composites*^.  These  kinks  can  be  seen  clearly  in 
Fig.  1,  which  is  an  SEM  photomicrograph  of  a  section  of  fiber  fragment  recovered 
by  filtration  after  tensile  deformation  of  the  single  filament  composite.  For 
comparison,  a  micrograph  of  the  surface  of  as-received  Kevlar  49  fiber  is  shown 
in  Fig.  2.  It  is  important  to  note  that  the  folds  can  occur  as  V-shaped  bands 
and  not  as  a  single  helical  crack  which  might  be  expected  from  shear  failure  of 
the  fiber  surface.  These  kinks  were  seen  to  unfold  and  straighten  out  when  the 
surrounding  film  was  loaded  under  tension.  Fracture  studies  of  such  compressed 
fibers,  allowed  to  subsequently  fail  under  tension,  have  shown  the  failure  to 
occur  within  a  kink  band  region  in  a  brittle,  tensile  fashion  rather  than  the 
fiber  splitting  mode  normally  observed  with  Kevlar*2>*3.  However,  in  this 
study,  most  of  the  fiber  fragments  (which  had  been  compressed  during  film 
casting)  recovered  for  critical  length  determinations  exhibited  the  splitting 
into  long  fibrils  at  the  fracture  surface.  The  reasons  for  this  discrepancy  may 
lie  in  the  fact  that  the  embedded  fibers  are  loaded  in  shear  through  the  inter¬ 
face  at  the  fiber  surface. 

Dobb  and  coworkers*^  found  a  tensile  strength  loss  associated  with  the  for¬ 


mation  of  the  kinks  due  to  repeated  fiber  bending  over  a  pulley.  The  fibers 


experience  a  much  more  uniform  uniaxial  compressive  strain  in  the  film  casting 
process  and  therefore  provide  better  samples  to  investigate  the  compressive 
effect  on  tensile  properties.  Fibers  subjected  only  to  the  compressive  film 
shrinkage  by  application  of  nylon-6  solutions  in  formic  acid  were  extracted  from 
the  matrix  as  described  above,  mounted  on  cardboard  tabs,  and  tensile  tested  on 
an  Instron  to  failure.  The  results,  comparing  mechanical  properties  of  these 
compressed  fibers  versus  as-received  fibers  of  the  same  gauge  length  are  given 
in  Table  1. 

TABLE  1 

Compression  Effect  by  Matrix  Casting  on  Mechanical  Properties  of 

Kevlar-49  Fiber 

Aramid  Strain  to 

Fiber  Break 

As  received  2.61  (+0.15) 

Compressed  2.59  (+0.32) 

Although  there  is  essentially  no  change  in  ultimate  elongation,  the 
differences  in  strength  and  initial  modulus  are  significant.  Fiber  compression 
with  kink  formation  caused  a  ~20%  drop  in  tensile  strength  and  a  reduction  in 
initial  modulus  that  varies  widely  from  sample  to  sample.  A  comparison  of  the 
stress-strain  curves  of  as-received  Kevlar-49  fiber  and  a  typical  compressed 
fiber  is  given  in  Fig.  3.  The  wide  variation  in  moduli  for  compressed  fibers  is 
most  likely  due  to  differences  in  fiber  pretension  and  film  shrinkage  during  the 
solvent  casting  process.  An  interesting  observation  is  that  the  tangent  to  the 
curve  of  the  compressed  fibers  near  break  is  essentially  equal  to  the 


Stress  at 
Break  (GPa) 

3.45  (+0.18) 

2.83  (+0.22) 


Tensile  Modulus 
__L0PgJ _ 

125  (+5.2) 

85  (+26.0) 
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corresponding  slope  of  the  curve  for  untreated  fibers  with  only  about  7% 
variation,  irrespective  of  the  initial  modulus.  This  sugqests  that  the  kinks 
can  unfold  in  an  almost  reversible  manner,  with  chains  realigning  to  regain  the 
modulus  lost  during  compression.  The  loss  of  strength,  nonetheless,  suqgests 
some  permanent  structural  change  with  kink  formation. 

B.  CRITICAL  LENGTH  MEASUREMENTS:  All  single  filament  "composite"  samples  were 
extended  to  strains  greater  than  15%.  The  few  films  that  fractured  durinq 
stretching  were  the  result  of  surface  defects  from  sample  cutting.  Force  drops 
observed  on  the  stress-strain  curves,  corresponded  to  fracture  events  indicating 
that  most  fractures  occurred  within  the  range  of  3-10%  strain. 

Under  a  polarizing  light  microscope,  stretched  samples  showed  that  the 
nylon-6  matrix  became  birefringent  around  the  regions  of  fiber  fracture.  This 
observation  indicates  the  presence  of  shear  stresses,  in  agreement  with  the  pre¬ 
diction  of  maximum  shearing  in  the  matrix  near  the  fiber  ends.  Increased 
elongation  of  these  samples  leads  to  localized  necking  in  these  regions 
suggesting  the  loss  of  fiber  reinforcement  in  the  fractured  fiber  sections.  The 
matrix  in  the  immediate  vicinity  of  the  non-fractured  sections  of  fiber  remains 
bonded  to  the  fiber  and  therefore  does  not  exhibit  birefringence  associated  with 
shearing.  These  shear  stress-free  "nodes"  are  spaced  at  fairly  regular  inter¬ 
vals  along  the  fiber. 

The  fracture  lengths  were  tabulated  into  three  groups  of  samples:  (A)  room 
humidity  equilibrated,  (B)  soaked  in  distilled  water  for  2  hours,  and  (C)  soaked 
for  34  hrs.  in  water,  all  at  room  temperature.  The  calculated  values  for  T,  ic, 
and  x  are  given  in  Table  2.  The  error  in  fragment  length  measurement  is  ~10%. 
The  addition  of  water  into  the  composite  was  done  with  the  intention  of 
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disruptinq  any  H-bonding  at  the  interface. 


TABLE  2 

Critical  Length  Measurements  for  Kevlar-49  in  Nylon-6 


Composite  History 

i  (mm 

a 

No.  Fragments 

lr  (mm) 

x*  (MPa) 

Ambient 

(A) 

2.43 

(+0.58) 

91 

3.24 

(+0.77) 

5.2  (+1.6) 

Water  Soaked 
(2l/2  hrs. ) 

(B) 

1.64 

(0.30) 

96 

2.19 

(+0.40) 

7.8  (+2.0) 

Water  Soaked 
(34  hrs.) 

1.95 

(+0.43) 

89 

2.60 

(+0.57) 

6.5  (+1.9) 

(C) 

♦Based  on  a  compressed  fiber  tensile  strength  of  2.83  GPa. 

A  view  of  the  changes  in  fracture  lengths  is  given  in  Fig.  4,  the  frequency 
distributions  for  sample  groups  (A)  and  (B).  Most  values  of  fragment  length 
fall  within  the  theoretical  range  of  V2fcc  <  l  <  £c,  with  only  3%  from  group  B  and 
10%  from  group  A  being  outside  their  respective  limits.  These  few  anomalous 
lengths  can  be  accounted  for  by  poor  wetting  or  adhesion  at  parts  of  the  fiber 
surface  and  premature  failure  due  to  fiber  surface  defects. 

The  data  suggest  an  apparent  increase  in  x  (i.e.  decrease  in  tc )  with  the 
addition  of  water  into  the  system.  It  is  difficult  to  conceive  of  water  acting 
to  strengthen  the  bonding  at  the  interface.  A  more  plausible  explanation  may  be 
suggested  by  referring  to  Equation  (2).  Although  not  usually  considered  as 
such,  of,  the  strength  of  the  fiber,  is  also  a  variable  in  this  equation.  For  a 
constant  x,  any  decrease  in  fiber  strength  would  give  lower  values  for  ic.  It 
is  well  known  that  water  has  no  effect  on  the  tensile  strength  of  bare  Kevlar-49 


fiber*4.  The  uptake  of  water  by  nylons  is  well  known.  Nylon-6  can  absorb  -10% 
(wt.)  water  at  saturation*^  resulting  in  a  15%  dimensional  chanqe*^.  Such 
swelling  of  the  nylon  matrix  would  place  the  embedded  fiber  in  axial  and  radial 
tension. 

The  partial  unfolding  of  kinks  has  been  observed  in  water-soaked  samples, 
indicating  some  axial  tension  on  the  fiber  surface.  With  sufficient  swelling, 
the  Kevlar  might  experience  a  radial  tension  that  could  possibly  weaken  the 
fiber.  Strong  radial  tensile  forces  would  act  to  increase  the  separation  of 
chains  that  are  only  H-bonded  laterally.  Because  the  strength  of  H-bonding 
decreases  with  increasing  bond  distance,  weaker  interchain  interactions  would 
result.  Thus,  a  fiber  under  radial  tension  might  show  a  decreased  axial  tensile 
strength  due  to  facilitated  chain  slippaqe.  With  lower  tensile  strength,  the 
continuous  fiber  would  fracture  into  smaller  critical  lengths. 

An  additional  complexity  is  the  trend  toward  larger  critical  lengths  with 
longer  exposure  times  to  water.  It  may  be  that  after  initial  rapid  swelling  of 
the  matrix,  there  is  a  slow  diffusion  of  water  into  the  interphase  region 
weakening  the  bond  as  first  expected.  A  transcrystalline  reqion  of  nylon  has 
been  seen  to  form  on  the  fiber  surface  for  films  cast  under  an  optical  micro¬ 
scope.  A  tight,  crystalline  structure  would  act  to  inhibit  the  diffusion  of  H^O 
into  this  region.  More  information  is  needed  to  sort  out  the  possible  reasons 
for  the  water  effect  on  these  model  Kevlar  nylon-6  composites. 

It  should  be  noted  that  values  of  t  and  ic  obtained  here  cannot  be  compared 
directly  to  other  studies  on  an  absolute  scale.  Because  Kevlar  fractures  with 
fibrils  up  to  0.5  mm  in  length  that  do  not  contribute  to  reinforcement,  the 
relation  between  measured  lengths  and  critical  length  differs  from  glass  and 
carbon  fibers  where  fracture  is  brittle.  Therefore  the  technique  studied  in 
this  paper  is  valid  only  for  relative  comparisons  with  other  Kevlar  systems. 
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DISCUSS10N  AND  CONCLUSIONS 

Compression  of  Kevlar-49  fiber  was  shown  to  result  in  an  almost  reversible 
kinking  at  the  fiber  surface  with  a  corresponding  significant  loss  in  strength 
and  modulus.  This  behavior  becomes  an  important  consideration  for  any  Kevlar 
composite  undergoing  compressive  dimensional  changes  due,  for  example,  to  matrix 
polymerization,  thermal  shrinkage,  processing,  and  end-use  appl ications.  The 
results  reported  here  are  for  one  set  of  casting  conditions  only.  Different 
results  for  the  fiber  compression  can  be  expected  with  variations  in  polymer 
concentration,  solvent,  evaporation  rate,  etc. 

Critical  length  measurements  resulted  in  distributions  of  fragment  lengths 
in  close  agreement  with  theory.  Whilp  values  of  interfacial  shear  strength 
calculated  from  these  measurements  are  not  absolute,  the  relative  changes  in 
distributions  indicated  that  definite  variations  in  interfacial  bond  strength 
and/or  fiber  tensile  strength  occurred  after  exposure  of  the  model  Kevlar-49 
nylon-6  composites  to  water. 
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FIGURE  CAPTIONS 

FIGURE  1:  Scanning  Electron  Micrograph  of  Kevlar-49  Fiber  Compressed 

During  Casting  of  Nylon-6  Film. 

FIGURE  2:  Scanning  Electron  Micrograph  of  As-Received  Kevlar-49  Fiber. 

FIGURE  3:  Tensile  Stress-Strain  Curves  of:  (A)  As-Received  Kevlar-49 

Fiber,  and  (8)  Kevlar-49  Fiber  Compressed  During  Castinq  of 
Nylon-6  Film. 

FIGURE  4:  Kevlar-49  Fraqinent  Length  Distributions  for:  (A)  Model 

"Composite"  Samples  Equilibrated  at  Ambient  Humidity  and 
(B)  Model  "Composite"  Samples  Soaked  in  Distilled  Water  for 
2.5  Hrs.  at  Room  Temperature. 
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